Integration of optically active materials into whispering gallery mode (WGM) cavities enables low-threshold laser emission. In contrast to their passive counterparts, the WGMs of these microlasers can be pumped and read out easily via free-space optics. The WGMs interact with the cavity environment via their evanescent field, and thus lend themselves to label-free bio-sensing. The detection limit of such sensors, given as the ratio of the resolution of the whole measurement system to the sensitivity of the WGMs, is an important figure of merit. In this work we show that the detection limit of polymeric microdisk lasers can be improved by more than a factor of seven by optimizing their radius and thickness. We use the bulk refractive index sensitivity, the magnitude of the sensor reaction towards refractive index changes of the bulk environment, to quantify the sensing performance and show that it can be enhanced while the spectral resolution is maintained. Furthermore, we investigate the effect of the size of the cavity on the quality factor and the lasing threshold in an aqueous environment, hence allowing optimization of the cavity size for enhanced sensor performance. For all considered quantities, numerically computed expectations are verified by experimental results.
Introduction
In recent years whispering gallery mode (WGM) cavities have attracted a lot of attention in research due to their broad application opportunities including sensing [1] , cavity quantum electrodynamics [2] and optical communications [3] . Especially in the field of label-free biosensing, WGM cavities feature great potential, which was proven by successful detection of, e.g., nanoparticles [4] , viruses [5] , proteins [1] and DNA [6] . WGMs occur when light is propagating along a curved dielectric interface and stand out due to remarkably low propagation losses, which can be exploited to realize microcavities with remarkably high quality factors. Importantly, WGMs exhibit an evanescent field interacting with the environment of the cavity, whereby the resonance conditions depend on the optical properties of the surrounding. Hence, the spectral position of the WGMs can serve as sensor signal to monitor minute refractive index changes or adsorption of molecular layers to the dielectric interfaces.
The phenomenon of WGMs has been studied in cavities of various geometries and materials. Prominent examples are silica spheres and toroids which exhibit extremely high quality factors up to 8 × 10 9 [7] . However, excitation and read-out of the WGMs in these cavities is often based on tapered fibers or prisms [8] , thus requiring sophisticated equipment for precise alignment which limits practical applicability outside laboratory environments. Furthermore, the spectral position of the resonant modes is influenced by the external couplers which can disturb the actual signal [9] . These limitations can be overcome when optically active materials are integrated in the cavities enabling pumping and read-out of the WGMs via free-space optics. Recently, renewable ring resonator lasers, which can be read-out with an adjacent waveguide, have been realized [10] . Operating such WGM cavities in the lasing regime results in lasing modes of narrow linewidths [11, 12] , far below the resonance linewidth of the passive cavity, and often also below the resolution of the spectrometer used to characterize and read out the device.
One crucial parameter for evaluation of (bio)sensor performance is the detection limit which is given as the ratio of the system resolution to the sensitivity of the sensing element, which is the cavity in our case. Since for WGM lasers the resolution is usually limited by the spectrometer, a promising method to improve the detection limit is to enhance the sensitivity. An easily accessible sensitivity is the so-called bulk refractive index sensitivity (BRIS), which is defined as the magnitude of the spectral shift of the resonance upon changes in the refractive index of the surrounding. White et al. showed that the shift caused by molecules attaching to the cavity surface is proportional to the BRIS [13] , i.e., the BRIS can be used to quantify the general sensing performance. The BRIS depends on the spatial overlap of the WGMs with the surrounding and hence strongly depends on the size and the refractive index of the cavity. Different approaches dealing with the design optimization of optical microcavities for sensing applications can be found in literature [13] [14] [15] . In [14] , design guidelines for passive optical ring resonators are discussed. In [15] , Reynolds et al. present a theoretical model for spherical cavities which allows to predict the sensing performance of cavities of different radius and refractive index. However, a systematic and experimentally confirmed analysis for optimization of the cavity size of WGM lasers has not yet been done.
In this paper, we present a theoretical and experimental investigation how the sensing performance of polymeric microdisk lasers is influenced by the cavity size. When using disk resonators instead of spheres, both the radius and the thickness of the cavity can be varied independently providing an additional degree of freedom. Additionally, microdisks are more sensitive towards changes in the environment than microspheres, due to the increased mode overlap with the environment at top and bottom of the disk. We investigate theoretically how the BRIS of dye-doped polymeric microdisk lasers can be enhanced by varying the radius and the thickness of the cavity, and we confirm the results by experiments. Furthermore, we investigate the influences of the size variation on the quality factor and the lasing threshold in aqueous environment. We also discuss the detection limit and compare the influence of noise on the resolution for passive and active WGM configurations.
Fabrication and methods
Our analysis uses dye-doped polymeric microdisk lasers. Polymeric cavities allow an easy integration of optical emitters and can be fabricated with a scalable low-cost fabrication process [16] . Furthermore, on-chip integration of the microdisk lasers is feasible and has already been demonstrated [17] .
We fabricate polymeric microdisk cavities consisting of PMMA (poly(methyl methacrylate)) according to the procedure presented in [18] . In order to obtain WGM lasers, we add the laser dye pyrromethene 597 (PM597) to the photoresist (PMMA 950k) at a concentration of 25 µmol/g PMMA prior to fabrication. Stirring the solution of the dye and the photoresist for several hours ensures that the dye is dissolved properly. For fabrication of the disk cavities, the dye-doped PMMA is spin-coated onto a silicon wafer and disks are patterned via electron-beam lithography. Structuring with deep-UV lithography is also feasible but due to the varying disk radius, electron-beam lithography is preferred [17] . Subsequent isotropic etching with XeF 2 removes the silicon beneath the rim of the disks yielding microdisk cavities. By modifying the spin-coating speed or the lithography pattern, the thickness or the radius of the disk resonators can be varied. We fabricated disks with a fixed thickness of d = 0.9 µm and radii ranging from R = 7.5 µm to R = 25 µm and disks with a fixed radius of R = 25 µm and thicknesses between d = 0.21 µm and d = 0.9 µm. The thickness of the resulting microdisks was determined from SEM images with an accuracy of approximately 10%. Figure 1 depicts an SEM image of such a PMMA microdisk with a radius of R = 8.75 µm and a thickness of d = 0.9 µm standing on a silicon pedestal. For excitation and read-out of the microdisk lasers, a micro-photoluminescence (µ-PL) setup is used. A frequency-doubled Nd:YVO 4 laser emitting pulses with a pulse length of 10 ns and a repetition rate of 20 Hz at 532 nm is loosely focused on the sample. Typically, spot sizes of approximately three times the cavity diameter are used to ensure homogeneous illumination. The emitted light is collected with a microscope objective (50 × , NA = 0.42) and imaged onto a spectrometer equipped with a CCD camera with a spectral resolution of 33 pm. Usually exposure times of 2 s per spectrum were used. Further details on the µ-PL setup can be found in [19] . To enable experiments in aqueous environments, a fluidic chamber with inlet and outlet ports allowing an easy exchange of liquids is integrated into the optical setup. Figure 2 depicts a typical lasing spectrum of an excited microdisk, showing well separated lasing peaks on top of a fluorescence background due to spontaneous emission. The spectral distance between adjacent peaks, the so-called free spectral range, is determined to be 1.76 nm and fits well to the designed cavity radius of R = 22.5 µm . Due to the evanescent field, the spectral position of the lasing modes is sensitive to changes in the environment and hence serves as sensor signal. 
Polymeric microdisk lasers of varying size
We use the bulk refractive index sensitivity (BRIS) to evaluate the sensing performance of the cavities. The BRIS itself increases when the mode overlap of the WGMs with the environment increases. In the following we show that by reducing the size of microdisk lasers, the overlap of the WGMs with the environment and hence the BRIS can be enhanced. Furthermore, we investigate how other performance parameters, namely the Q-factor and the lasing threshold, are affected by the size variation.
Bulk refractive index sensitivity
For BRIS measurements, the polymeric WGM lasers were placed inside the fluidic chamber filled with water and pumped above lasing threshold. The pump fluence was in the range between 7.5 mJ/cm 2 and 23 mJ/cm 2 depending on the lasing threshold of the individual microdisks. Solutions of different refractive indices were prepared by mixing water and glycerol at different ratios. Lasing spectra of the microdisks were continuously acquired while the fluidic chamber was alternately filled with pure water and the water-glycerol mixtures. The filling was carried out manually by connecting syringes to the inlet port of the fluidic chamber and carefully injecting the different solutions. The flow rate was not explicitly measured, but can be estimated to be roughly 0.1 ml/s. For each solution fifteen spectra were acquired. The spectral positions of the lasing peaks were determined by fitting Gaussian functions to the data. Figure 3 shows a typical example of a BRIS measurement; Fig. 3 (a) depicts exemplary the spectral shift of one lasing mode over time and Fig. 3 (b) the spectral shift as a function of the refractive index change of the environment. The slope of the linear regression yields the BRIS. During BRIS measurements bleaching of the dye molecules occurs which can lead to a blue-shift of the lasing modes since the refractive index of the dye is lowered [20] . If this behavior is observed the water baseline is used for correction; when biosensing is performed referencing techniques can be applied. Hence, the more important aspect is the lifetime of the lasing modes, which exceeded 150 spectra for all investigated disks (with exception of the ones with a radius of R = 7.5 µm). BRIS measurements were conducted for microdisk lasers of varying radius and thickness. For each parameter configuration, multiple microdisk lasers were investigated. In order to obtain theoretical predictions for the BRIS values we conducted simulations based on the finite element method (FEM). To this end, we used the software JCMSuite from JCMwave to determine the eigenmodes for a given cavity geometry. When exploiting the rotational symmetry of the cavities, numerically efficient 2D simulations can be performed. In order to simulate the BRIS, the refractive index of the environment was varied, resulting in spectrally shifted eigenmodes. Simulations were performed for fundamental transverse electric (TE) and transverse magnetic (TM) modes. For TE modes the electric field is dominantly polarized in the plane of the microdisk while for TM modes the dominant component of the electric field is out of plane. Since in experiments the lasing emission occurred at wavelengths between 560 nm and 630 nm, simulations were performed for these two confining wavelengths. For the given configuration of the µ-PL setup, the detection path is perpendicular to the plane of the microcavity. Thus, only non-polarized scattered light is collected making distinction between TE and TM modes difficult. Figure 4 displays the simulation results of the BRIS values as well as the experimental data. The values are in good agreement and, as expected, an enhancement of the BRIS with decreasing radius and thickness of the microdisks is observed. Concerning the radius, a decrease leads to a maximum measured BRIS value of about 60 nm/RIU for disks with a radius of R = 7.5 µm and a thickness of d = 0.9 µm. For disks with even smaller radii, no lasing emission in aqueous environment could be achieved due to high radiation losses. For microdisk lasers with a constant thickness of d = 0.9 µm [data shown in Fig. 4(a) ] different BRIS values for the same cavity radius were observed (see e.g. R = 17.5 µm). We attribute these different values to different cavity modes. The values plotted in red are assumed to correspond to fundamental modes, whereas the data points in black most likely arise from higher-order modes with more than one field maximum along the radial or the z-direction. The basis for this assumption is that simulations yield higher BRIS values for higher order modes than for fundamental modes due to the higher field overlap with the environment. When the thickness of the disk cavities is modified [see Fig. 4(b) ], BRIS values exceeding 150 nm/RIU were measured for microdisk lasers with a thickness of d = 0.21 µm. This corresponds to an enhancement of more than a factor of 7.5 compared to the polymeric microgoblet lasers previously used for bio-sensing measurements [21] . Fig. 4 . BRIS values for microdisks of varying radius (a) and varying thickness (b). With decreasing radius and thickness, an enhancement of the BRIS is observed due to higher overlap of the WGMs with the environment. The results from FEM simulations (green and blue lines) are in good agreement with the measured data. Since the lasing wavelength range during the experiments decreased with decreasing radius or thickness, simulations were performed for confining wavelengths of 560 nm and 630 nm. Data points in red are attributed to fundamental modes while the black data points in (a) are attributed to higher order modes. In (a) each data point corresponds to a single measurement while in (b) the mean value is shown since only fundamental modes were present.
Quality factor and lasing threshold
Besides the BRIS also the Q-factor and the lasing threshold are important performance parameters of WGM sensors. We determined both quantities for the polymeric WGM lasers of varying radius and thickness. All measurements were conducted in aqueous environment since biosensing experiments usually deal with liquids. The total Q-factor Q is limited by several loss mechanisms, namely absorption, radiation and scattering [22],
abs Q denotes the Q-factor only considering absorption losses, rad Q the radiation-limited Qfactor and scat Q the Q-factor due to scattering losses. PMMA exhibits low absorption in the visible wavelength range, hence absorption limited Q-factors up to 10 8 are feasible [22, 23] . Scattering losses arise from imperfections of the cavity surface. Their magnitude is difficult to predict theoretically since time-consuming full 3D simulations with high computational costs would be required. However, when working in aqueous environment, the refractive index contrast between cavity material and surrounding is rather small making radiation the dominating loss mechanism when the cavity size falls below certain values. With FEM simulations, the Q-factor due to radiation losses can be easily determined via
where real ω and imag ω denote the real and the imaginary part of the complex resonance frequency of the calculated eigenmode. Hence, in the following the radiation-limited Q-factor will serve as theoretical value to quantify resonator losses. For Q-factor measurements, a tunable external-cavity diode laser emitting at wavelengths around 635 nm with a linewidth of less than 0.4 fm was coupled to a tapered fiber which was brought in close proximity to the microdisk cavity. The transmission through the fiber taper was recorded with a photo diode. From the linewidth of the resonance dips in the transmission spectrum, the Q-factor was extracted. For small radii and thicknesses, radiation is the dominating loss channel whereas, for larger radii and thicknesses scattering losses limit the Q-factor (area marked in grey). There are no errors bars for the Q-factors of disks with a radius of R = 7.5 µm in (a) since only one resonator was investigated.
For operation of our microdisk lasers, the lasing threshold which depends on the Q-factor is an important figure of merit as it defines the required power of the pump source. Furthermore, the lasing threshold also affects the operation lifetime of the microdisk lasers since higher pump energies lead to increased bleaching of the dye molecules. According to [24] , the lasing threshold can be calculated by 0 th 2 P a P t ( )
where γ is the minimum fraction of excited dye molecules required for lasing, h is Planck's constant, 0 c is the vacuum speed of light, τ is the fluorescence lifetime of the dye molecule, 2 a P ( ) σ λ is the quadratic absorption cross section at the pump wavelength P λ , t n is number density of dye molecules, and d is the thickness of the disk. Since the minimum fraction of excited molecules γ depends on the Q-factor Q of the cavity, the lasing threshold is influenced by the Q-factor, 
where ( ) λ  denotes the extinction coefficient in liter/(mol ⋅ cm), ) ( f λ denotes the normalized photoluminescence spectrum and f Φ the fluorescence quantum yield. All the quantities required to calculate the lasing threshold were obtained from respective measurements performed on dye-doped PMMA films spin-coated on glass substrates. For measurements of the lasing threshold, the µ-PL setup described above was used. Spectra were acquired for varying excitation energies. The lasing thresholds were obtained from so-called input-output curves where the integrated intensity of the lasing modes after subtraction of the fluorescence background is plotted versus the deposited pump energy. [see Fig. 6(a) ]. When the pump energy exceeds the energy necessary for lasing, the slope of the output curve increases and the kink in this plot yields the lasing threshold. Figures 6(b) and 6(c) depict the experimentally determined lasing thresholds in aqueous environment as well as the expected values calculated with Eq. (3). It is obvious that both smaller radii and thicknesses lead to increased lasing thresholds due to reduced Q-factors and in the latter case also since the thickness directly enters the threshold (see Eq. (4). The calculated lasing thresholds show the same trend as the measured data. Quantitatively deviations can be observed but the agreement is acceptable when taking into account how many quantities afflicted with uncertainties are required for calculating the threshold.
In the plots in Fig. 6 , two regions can be distinguished: When the Q-factor is still in the scattering-limited regime (R > 12.5 µm or d > 0.4 µm), the threshold only increases slightly and remains within an acceptable range for applications. For radii below R = 12.5 µm or thicknesses below d = 0.4 µm, the increase in threshold becomes more severe since the Qfactors exhibit a decrease due to continuously increasing radiation losses. The optimal cavity dimensions with significantly enhanced BRIS but acceptable lasing thresholds are thus R = 12.5 µm and d = 0.4 µm, corresponding to BRIS values of approximately 40 nm/RIU and 75 nm/RIU respectively, see Fig. 4 . The comparison of the results for the microdisks of reduced radius and thickness shows that thinner cavities can achieve higher BRIS values while maintaining comparably low lasing thresholds (When the pump energies per resonator are considered, the thresholds are still in the order of few nJ). Hence, reducing the thickness brings higher benefits in sensitivity than reducing the radius of the cavity. With decreasing radius and thickness the lasing threshold increases due to lower Q-factors and for the latter also due to the reduced thickness of the cavity. The grey area marks the regime where the scattering losses limit the Q-factor.
Detection limit
Besides the sensitivity S, the resolution R of the system also plays an important role for applications in sensing. The ratio of these quantities corresponds to the detection limit, which represents the lowest refractive index change in the surrounding which can be detected [13] DL R S =
The resolution denotes the minimum resolvable spectral shift which can be detected and is given as 3 R σ = with σ denoting the total noise variance. According to White et al., two different kinds of noise have to be considered: amplitude noise and spectral noise [13] . For WGM lasers the resolution of the system is sustained upon size reduction since neither amplitude noise nor spectral noise increases. Hence, the enhancement in sensitivity directly leads to an improvement of the detection limit. In the following we discuss how the different noise sources are influenced by the size variation of the microdisk cavities. Furthermore, we comment on the differences between WGM lasers and passive WGM cavities.
Amplitude noise refers to cumulative noise added to the complete recorded spectrum [13] . It originates from, e.g., thermal noise or shot noise of the photodetector or intensity fluctuations of the tunable laser -the latter only playing a role when the cavities are operated in the passive regime. Since for WGM lasers several pump pulses (typically 40) contribute to one acquired spectrum, power fluctuations of the pump laser average and can be neglected. Amplitude noise leads to deviations in the central spectral position of the peak function fitted to the data. Based on Monte Carlo simulations, White et al. showed that the variance in the spectral position of the cavity mode due to amplitude noise is proportional to the linewidth of the mode and inversely proportional to the fourth-order root of the signal to noise ratio (SNR), relating the peak height above background to the amplitude noise [13] . For passive cavities where the WGMs are typically read out with a tunable laser or a prism, a reduction of the Q-factor directly leads to a broader measurable linewidth and hence an increased noise variance due to amplitude noise. For microdisk lasers, the measurable linewidth is usually limited by the resolution of the spectrometer. In our experiments, the measurable linewidth of the lasing peaks remained constant at the value given by the resolution of the spectrometer for the cavities with radii R > 7.5 µm and for all investigated thicknesses. Thus, in contrast to passive WGM cavities, the lower Q-factors did not lead to an increased noise variance due to amplitude noise.
The increase in lasing threshold for cavities of reduced sizes might result in lower heights of the lasing peaks and affect the SNR of the peak height above fluorescence background to the amplitude noise. However, this can be compensated by higher deposited excitation energies. Moreover, the height of the lasing peaks also depends on the amount of emitted laser light actually reaching the spectrometer and the CCD camera attached. By redirecting the light emitted in the plane of the microdisk to the spectrometer, the peak height of the lasing modes can be increased compared to case of collecting the light scattered perpendicular to the disk plane. Previously, we have shown the successful integration of conical mirrors around the cavities leading to an enhancement of the height of the lasing peak above fluorescence background by a factor of almost ten in air [25] . In aqueous environment, an even higher signal enhancement is expected since more radiation light escapes from the cavity modes due to the lower refractive index contrast of the cavity material and the environment. In addition to the simple excitation and read-out, this efficient method to lower the influence of amplitude noise on the system resolution is a further benefit of microdisk lasers compared to passive systems. An increased lasing threshold also effectuates the lifetime of the microdisks due to the higher required pump fluences. However for all investigated disks (except for the ones with a radius of R = 7.5 µm) the lifetime of the lasing modes was sufficient to perform BRIS measurements where at least 150 spectra were acquired.
Thermally induced spectral noise describes fluctuations of the spectral position of the WGMs caused by temperature variations. It mainly depends on the temperature stability of the setup and on the thermo-optic coefficients and the expansion coefficients of the cavity material and the surrounding. For PMMA, changes in the refractive index are the dominant source of thermally induced spectral noise in the investigated spectral region [26] . Upon size reduction of the cavities the WGMs show an increased overlap with the surrounding. Since water exhibits a lower thermo-optic coefficient than PMMA [26] [27], a decrease in thermally induced spectral noise for increasing overlap of the modes with the environment is expected.
Summary and conclusion
In this paper we showed that the BRIS of WGM microdisk lasers can be enhanced by reducing both the radius and the thickness of the cavity. Simulation and experimental results were compared and found to be in good agreement. Reducing the size of the microdisk lasers leads to an increased overlap of the resonant modes with the environment and thus to an increased BRIS. Enhancement factors exceeding 7.5 have been found. The enhancement in the BRIS is accompanied by a reduction of the Q-factor, resulting in an increase in lasing threshold. However, in contrast to passive WGM cavities, the resolution is not affected by the reduced Q-factor as usually the spectral resolution of the spectrometer or thermally induced spectral noise is the bottleneck which is rather constant. Hence, the enhanced sensitivity directly leads to an improved detection limit.
When comparing the results of microdisks of reduced radius or thickness also taking simulation results into account, we find BRIS enhancement by thickness reduction to be more efficient. Taking also the lasing threshold into account, optimum results are achieved for disk thicknesses around 0.4 d = µm. In this case the Q-factor is still in the scattering-limited regime and hence the increase in lasing threshold is small. The microlasers of reduced thickness can be further optimized by using a thermal reflow step at the end of the fabrication process as presented in [18] . During the reflow, the surface of the microdisks is smoothened and the disks are converted into microgoblets. The smoother surface reduces scattering losses which leads to higher Q-factors -hence lower lasing thresholds could be achieved while maintaining the high sensitivity.
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